Design and Conduct Experiments, Analyze and Interpret Data: Learning Experience in the Design and Manufacture Lab Course
Abstract:
The responsibility of the course provider or instructor is to formulate (i) objectives (ii) instructional activities and materials and (iii) assessments. An assignment in a lab course aimed at achieving the student outcomes (i) an ability to apply knowledge of mathematics, science and engineering and (ii) an ability to design and conduct experiments, as well as analyse and interpret data is described here. The objective was set as training the students to use engineering and mathematical knowledge they have to designing and conducting 'Development Experiments' as well as analyzing and interpreting data using the Scientific Method. The task started from the observation that even though the NC program is set to produce a nominal value in an NC machining process, there is a variation in the dimension that has been produced. The students were asked to carry out an experiment to determine the process capability of a DMG turning center. The instructional method used, comprised of three components (i) pre-class guided learning (ii) in-class discussion and (iii) post-class planning before the lab class. Twenty four students produced twenty four samples each having five trials (components). The data was collected systematically and statistical methods were used to analyze and interpret data. The students were assessed in (i) designing the experiment (ii) conducting and collecting data (iii) analyzing the data and (iv) interpreting the data and drawing conclusions. The results showed enthusiastic participation and very good performance. A post-class survey would have identified the areas where they have had substantial benefits and where improvements could be made. However this has not been done. This hindsight led to the development of a questionnaire that could be used in the future.
1.Introduction
Whetton [1] rightly states that most important professing of a professor, involves his thoughtful choice of reading materials, assignments, activities and most of all learning objectives. This is even more pronounced when the instructor has to choose few experiments and a project from a wide variety of mechanical engineering applications. The choice has to be further developed to meet the learning outcomes called the student outcomes defined by ABET [2] . Outcomes are descriptions of the end product of learning and with respect to programs and courses, they describe how will the successful learner be changed. The responsibility of the course provider or instructor is to formulate (i) objectives (ii) instructional activities and materials and (iii) assessments as defined below: i. Objectives: Objectives thoroughly clarify and narrow the outcomes to specific and measurable goals. They identify what is to be accomplished in terms of comprehension, application and integration. ii. Instructional Activities and Materials: Instructional Activities refers to teaching and teaching-related activities such as preparing for and conducting class meetings, including laboratory work and developing instructional materials. iii. Assessments: Assessment is aimed at understanding and determining how well student performance matches those intended outcomes set out at the beginning of the course.
A well-developed course should have alignment, which is the focussing of the objectives, instructional activities and materials and the assessments for the common goal of enhancing learning. This paper in the first instance describes the formulation of these three items for a part of the Design and Manufacture Lab course, which should achieve the student outcomes (i) an ability to apply knowledge of mathematics, science and engineering and (ii) an ability to design and conduct experiments, as well as analyse and interpret data. It then describes the delivery, assessment, student's feedback and lessons learned for further improvement.
Course Development
The first challenge was to identify an area for experimenting. It can be in any domain of the mechanical engineering sciences such as thermodynamics, fluid mechanics, and dynamics or it can be in manufacturing processes. After careful consideration Quality Control in machining was chosen as the area. The students at United Arab Emirates University complete their studies in five years or ten semesters. They go for industrial placement during the 8th semester. The Design and Manufacture lab course is taken by them during the 7th, 9th or 10th semester. They therefore are senior students and have completed a course in Statistics and a bulk of engineering sciences.
Deming [3] said that 'industry in America needs thousands of statistically minded engineers, chemists, doctors of medicine, purchasing agents and managers' and this is more applicable to any country that aspires to make industrial progress. There is a firm unguided belief among students that CNC machines produce components without any variation. Considering these it was decided that the experiment would be 'the measurement of process capability of an NC machining process'.
Nature of Experiments
Feisel and Rosa [4] in their thought-provoking article entitled 'The Role of the Laboratory in Undergraduate Engineering Education' identify three basic types of engineering laboratories: development, research, and educational. Though they have many characteristics in common, there are some fundamental differences and these differences play a significant role in the development of educational objectives. From the time of the high school students are exposed to experiments that demonstrate the theory they have learned. This may be the illustration of 'Ohm's law' or finding the 'Thermal Capacity of a Calorimeter'. As they progress through the early stages in the university they have a mix and start to experience the transition between educational and development activities in the laboratory. In the learning part they learn different advanced methods and use of sensing equipment and apparatuses. This makes them ready to do development work. As Feisel and Rosa [4] Senior students should migrate from educational to development experiments and should at least have a feel to research experiments and the scientific method.
The Scientific Method
Science is a determination of what is most likely to be correct at the current time with the evidence at hand. It is a methodical approach to study the natural world by asking and answering basic questions using observation, testing, and interpretation through logic [5] . Scientific explanations are inferred from confirmable data only, and observations and experiments must be reproducible and verifiable by other individuals. Scientific method is a methodological approach to the process of inquiry in which an empirically grounded theory of nature is constructed and verified. The following five steps can be considered as the constituent steps of the scientific method: i. Observation-Scientific method starts with the observation of a phenomenon, or event, where something needs explaining. It greatly depends on the observer. ii. Question-Observation leads to a question that needs to be answered to satisfy curiosity about it and may have to be further expanded with observations and explanations to define the question more specifically. Scientific questions needing answers lead to the formation of a hypothesis about the problem. iii. Hypothesis-A hypotheses is an educated guess regarding the question's answer. The 'educated' part is important because a good hypothesis can be developed only with research into the problem. The subject of the investigation should be characterized carefully and literature on the subject must be researched for this purpose. Hypotheses are generally consistent with existing knowledge and are conducive to further inquiry. iv.
Experiment-The process of experimentation is what sets science apart from other disciplines. This is the instrument of discovery. An experiment is designed to prove or disprove the hypothesis. Experimentation can be carried out in the laboratory, in the field, or in the computer. Results of testing must be reproducible and verifiable. v. Evaluation-The observed data is analyzed and scientific explanations and conclusions are drawn at this stage. Qualitative and quantitative mathematical analysis may also be applied. Scientific explanations should always be made public, either in print or presented at scientific meetings. It should also be maintained that scientific explanations are tentative and subject to modification.
Objectives of the Experiment Assignment
This is the part that translates the student outcomes into specific measurable goals. The underlying aim is to make the student grasp the essentials of Development Experiments and the Scientific Method. The goals can therefore be defined as training the students to use engineering and mathematical knowledge they have to designing and conducting development experiments as well as analyzing and interpreting data.
Design:
The strategy is to identify a situation or observation that would need experimental data to guide in designing or developing something. This should lead to the use of theoretical matters covered in mathematics and encourage a certain amount of self-learning. It then focuses on the response characteristics that have to be measured and the input parameters to be set. The output of the design stage should be (i) the objective of the experiment (ii) associated theory (iii) the list and format of data that has to be obtained (iv) a method of analyzing the data and (v) a rough idea of the expected results. 2. Conducting the Experiment: Conducting the experiment involves (i) the establishment of the methodology (ii) using the required tools and set the machine in operation and (ii) record the necessary observations as planned in the design stage. 
Instructional Materials and Activities
The instructional method used, comprises of the three components (i) pre-class guided learning (ii) in-class discussion and (iii) post-class planning before the lab class. This was followed by the experimenting and collecting data. The final part of the activities combines the analysis evaluation and and reporting. The students submit a report on the whole process as a report which forms the assessment.
The Assignment
The students were given a revision handout under the heading Addendum to Assignment 2. It contained revision material on Normal Distribution and process capabilty and explanation on Central Limit theorem and the Variance Sum Law. This made the students come prepared to the class for discussion. The in-class discussion gave the students the opportunity to discuss the response characteristics to be determined, the parameters to be recorded during the experiment and the setting of the input parameters. In the post-class planning the students planned the method of conducting the experiment and recording the data or observations. The in-class discussion started with the announcement of the observation that 'even though the NC program is set to produce a nominal value in an NC machining process, there is a variation in the dimension that has been produced'. The discussion led to the question 'can this machining process be employed to produce parts with specified high tolerances'. The chosen experiment was the 'Investigation of the Process Capability of Turning Process of the DMG Turning Centre by Producing Samples' of a given piece part with nominal dimensions and tolerances. This is a Development type experiment. The discussion made them to recognize the following: Machine tools have inherent geometric errors of a very small magnitude due to various inexplicable causes. They as a collection are known as random errors.
i. Contemporary machined parts require very high accuracy for use in sensitive industries like the pharmaceutical, automobile and aerospace industries. ii. Machine tools have inherent geometric errors of a very small magnitude due to various inexplicable causes. They as a collection are known as random errors. iii. Because of these random errors, machining processes can be statistically characterized by, a mean value of the dimension produced and a standard deviation to describe the dispersion . iv.
A design on the other hand, recognizing this variation, sets the limits on allowable variation in terms of tolerances or permissible variations.
v. Process capability is the ability of the chosen machining process to produce components with dimensions within the permissible spread. Two indexes and are widely used in industry to measure the capability of the processes.
After discussing the general nature of the experiments, specifics were discussed. Turning linear and radial dimensions of a Specific Component Using a CNC turning centre and investigating the results obtained were introduced as the activities involved in the exercise. A plunger shown in Figure 1 was the trial component. Each student was given a piece of 175 mm long shaft of ф and was asked to produce five pieces of the component shown. The set of pieces produced by each student is considered a sample with 5 trials. There were altogether 24 students and therefore there were 24 samples each having five trials. They were told that they should use the entire set of 24 samples to investigate the process. The NC program and the cutting parameters like, spindle speed and depth of cuts were kept constant for all students. Only the random variation or error was allowed. It was agreed that the measurements of each parameter in a trial would be repeated or replicated five times to minimize human error in measuring. As the first task they were asked to produce an experimental plan showing the method of manufacture and the parameters to be measured and data to be recorded. Once this experimental plan has been approved they were asked to produce the components. The portion that was of interest was the 18 mm ф section. Each part produced was labelled to show where in the shaft it came from and by whom it was manufactured. The data sheet designed for recording is shown in Figure 2 . 
Conducting the Experiment and Collecting the Data
This part describes how the students conducted the experiment and recorded the results. From the class discussion and post-class planning the students knew that they have to produce five pieces of the component shown in Figure 1 and the pieces have to be numbered as shown in Figure 3 .
Figure 3: Locating Trials and Holding Portion in the Work Piece for a Sample
Loading the design of the component and generating the NC code was the next activity for the students. This activity has been done by the students in the previous courses and it was easy for them. Loading the workpiece and ensuring that the tools required are in the turret was the next activity. Then the parts were produced in sequence. When each part has been produced the student picks it and writes his/her identification number and the piece number. Each student has produced five pieces and they are stored as shown in Figure 4 . Table 1) 
Measurements and Recording
Each student measured the diameter and length of the middle portion in the five components produced by him or her as planned earlier. They also have recorded the position of the piece in the work piece. The complete results are given in the Appendix. 
Preliminary Investigation
The processes (i) turning the diameter and (ii) cutting the grove are assumed to be 'Normal Processes'. The preliminary investigation is aimed at confirming that they are 'Normal Distributions'. Data from all 600 observations made on each process are considered in a frequency distribution analysis. Figure 5 and Figure 6 show the frequency distributions. They form the Bell Curve shape and thus give a qualitative proof that they are Normal Processes. Since the distribution appeared bi-model for the diameter, the data set was investigated. The variation came from columns 1, 3, 7, 9, 12 and 13 as shown in Figure 7 . Further investigations showed that these samples came from a different shaft purchased almost one year ago. The length of the trials did not show any variation. However, the diameter did. Therefore, they were considered as outliers and only the remaining 18 were considered for analyzing the diameters. Figure 8 shows the frequency distribution of the diameters of the 18 samples. Analysis of the outliers showed that they are also form normal distribution. 
Outliers

Sample Means
The sample means are calculated using the trial averages and the results are given in Table 1 . Small variation in the magnitudes indicate that the process is in control and there are no outliers. 
Process Descriptions
The diameter turning process can be described as and in a similar way the length turning process can be described as Figure 8 shows the Normal Curve for the length varying between and Figure 9 shows the Normal Curve for the diameter varying between . 
Permissible Spread
The design of the component recognizes the dimensional variation due to random errors and specifies (i) nominal value (ii) upper specification limit and (iii) lower specification limit for the quality-critical dimensions. For the given component the grove diameter has these values as and the grove length has them as Figure 10 illustrates them graphically. From a qualitative point of view it can be said that if the process spread is within the permissible spread, the process is capable of producing components with acceptable quality and if it spills outside there will be rejects. Figure 11 shows the overlay schematically. 
Process Capability Computation
Process capability compares the output of an in-control process to the specification limits by using capability indices. The comparison is made by forming the ratio of the spread between the process specifications (the specification 'width') to the spread of the process values, as measured by 6 process standard deviation units (the process 'width'). The simplest of these is the capability index Thus, the condition is a necessary condition for ensuring the sufficiency of the capability of the process for the job.
This holds true as long as the mean and nominal value are centered. But the processes in this experiment do not obey this condition. In the case of diameter the process 
Interpretation of Results
Justification of Assumptions:
The first step in analyzing and interpreting the results is to ensure that the theory used and the assumptions made hold true throughout the data collecting process. In other words, the data collected should be reliable to draw conclusions. The process employed small samples, which is only permissible for sample from a Normal Distribution. Thus, the first thing is to ensure that the data is from a Normal process. The frequency distribution of the grove length shows that this assumption holds true. However, the frequency distribution of diameters gave a bimodal distribution showing that some assumptions have been violated. Investigation revealed that the material was not kept constant. This led to the identification of outliers and their elimination. The third assumption is that the process is in-control and only random errors are present. Small variations among Sample Means after eliminating the outliers demonstrate that the process is in control.
Recognition of the current situation:
The process gives very small variation due to random errors and the process can produce components within the given tolerance without any rejects. This is evident from the high values. However, mean and the nominal values are not aligned and as a result there is a drop in the value. Though the current process is capable with high even after the misalignment, there can be situations where this alignment may be critical to prevent rejects.
Improvements for the process:
From the preceding arguments the improvement that could be effected is to align the mean and the nominal value.
Assessment
Assessment of the student work constituted the four parts namely (i) Experiment Design (ii) Conducting and collecting data (iii) analysis and (iv) interpretation and conclusion from the results. They were asked write a section on the learning experience. Experiment design included (i) objectives (ii) theoretical consideration (iii) method of conducting the experiment and (iv) measurements to be taken or the plan. The students had a draft of these after the post-class discussion (prior to the lab class). In the final report however this part has substantially improved. This is because of the clear understanding they gained when they conduct the experiment and carry out the analysis. The analysis section involved various analyses. They were discussed in the class as topics. The students took them to a new dimension using EXCEL spread sheet software. The manufacturing and taking measurements were straightforward. The interpretation part was looked more closely under the headings (i) justification of assumptions (ii) recognition of the current situation and (iii) improvement to the process. The reports demonstrated clear understanding and full enthusiasm in the use of Statistics (normally considered a dry subject by students) in a manufacturing application. All students scored more than B (very Good) grades.
Learning Experience and Lessons for Continuous Improvement
The participation from the students was on the ascending from the beginning. The first major factor was the representation of the machining process as a statistical distribution. The unleashed ability to use it for analysis made the whole project meaningful to them. Other major input came from the introduction of the scientific method. The combination of these two triggered the idea that they can use what they have learned in serious experiments and use the results to make decisions. The designing of the experiment was one of the interesting phases. What data is needed and how they are measured were the challenging questions for them. A lot of time was spent on this. The data sheet design made them feel confident about what they have to in the experiment. When they described the experiment before the lab class this was evident. The real thrilling moment expressed was when the entire data (600 measurements) showed a bell curve. The analysis was done with EXCEL spread sheet. All in all the learning experience was a pleasant one as expressed in the class and reported in the reports.
The process of the experiment was a major jump from the previous educational type experiments. Because the instructor was pre-occupied with ensuring everything goes well, a systematic survey on learning experience was not thought of. However hindsight told that it is a necessary item for continuous improvement. A questionnaire was developed for future use as this type of experiment work meets the expected outcomes well. The following points were considered to draft the questionnaire. Table  1 shows the questionnaire.
i. Making and converting an observation into a question -This is a fundamental
skill for the student in the long run and therefore is an important learning outcome. ii. Data needed to answer such a question -This is at the heart of formulating the design of the experiment. It is therefore important to know the level of competence the student has achieved so that any adjustments needed, can be made. iii. Ability to choose the mathematical tools -Describing the manufacturing process as a mathematical entity and using statistical methods in analysis forms a significant part of the experiment. iv.
Ability to design the data collection sheet -This apparently trivial document is the output of the whole design part of the experiment. Scientific method on the other had starts with an observation that goes through the question, hypothesis and experiment stages before data analysis and evaluation. A methodical experimentation process has been developed and implemented as part of the Design and Manufacture lab course. The results suggest that the method is effective. However the method should be used in many more cases before it can be called an effective experiment design method. These are from the consideration of the method.
On the application side an experimentation starting with the observation 'even though the NC program is set to produce a nominal value in an NC machining process, there is a variation in the dimension that has been produced' has gone through the question stage where the question of assuring the capability of the process was raised. Theoretical considerations led to the identification of the process capability indexes. Combining statistical measures, scientific method and process capability an experiment was designed, conducted and analyzed. Based on the findings the machining process of a chosen component using the DMG turning center was found to be capable.
The analysis method highlighted the outliers and they were eliminated from the calculations.
The method can be used in many 'Development type Experiments' and the principal author intends to use it in future classes with varied applications. 
